. In agreement with a role in initiating temperature thresholds. The natural compounds capsaicin and menthol activate noxious heat-sensitive TRPV1 and ture sensation, most of the thermoTRPs are expressed in subsets of DRG neurons that strikingly correlate with cold-sensitive TRPM8, respectively. The burning and cooling perception of capsaicin and menthol demonthe physiological characteristics of thermosensitive DRG neurons: we have found neurons that express only strate that these ion channels mediate thermosensation. We show that, in addition to noxious cold, pun-TRPV1 (presumptive heat-responsive neurons), only TRPM8 (cool responsive), or both TRPV1 and TRPA1 gent natural compounds present in cinnamon oil, wintergreen oil, clove oil, mustard oil, and ginger all (polymodal nociceptors) . In this study, we have screened natural sensory comactivate TRPA1 (ANKTM1). Bradykinin, an inflammatory peptide acting through its G protein-coupled repounds for TRPA1 activation and show that constituents of cinnamon oil, mustard oil, and other natural oils that ceptor, also activates TRPA1. We further show that phospholipase C is an important signaling component cause a burning sensation in humans activate TRPA1. A recent publication also described the activation of for TRPA1 activation. Cinnamaldehyde, the most specific TRPA1 activator, excites a subset of sensory neu-TRPA1 by mustard oil but failed to observe activation by cold (Jordt et al., 2004). Here, we confirm that cold is rons highly enriched in cold-sensitive neurons and elicits nociceptive behavior in mice. Collectively, these an important activator for TRPA1 (both in heterologous systems and, more importantly, in DRG cultures). Our data demonstrate that TRPA1 activation elicits a painful sensation and provide a potential molecular model results agree with existing physiological data demonstrating a separate noxious/burning component of cold for why noxious cold can paradoxically be perceived as burning pain.
upon application of eugenol, gingerol, methyl salicylate, Figure S1D ). Similar to TRPA1, a strong cooperativity allyl isothiocyanate, and cinnamaldehyde (Supplemenbetween subthreshold capsaicin and heat has not been tal Table S1 at http://www.neuron.org/cgi/content/full/ observed for TRPV1 (Sprague et al., 2001 ). 41/6/849/DC1 and data not shown). All these compounds are known to cause a pungent burning sensation TRPA1 Is Activated by Bradykinin in humans. We then tested these compounds against Activation of TRPA1 by pungent natural products sug-TRPM8 and TRPV1. Only allyl isothiocyanate and cinnagests a nociceptive role for TRPA1. BK is among the maldehyde were specific to mTRPA1, indicating that most potent algogenic substances released from tissue the burning sensation that these compounds cause is injury and inflammation, but little is known about the independent of TRPV1 (Supplemental Table S1 activity, we tested whether downstream affectors of PLC We also characterized the cinnamaldehyde-induced can modulate TRPA1 function (Minke, 2001) . One of the current in mTRPA1-expressing CHO cells. In a wholemajor consequences of PLC activation is the release of cell patch clamp setup, cinnamaldehyde elicited a rocalcium from intracellular stores. We therefore tested if bust desensitized current (data not shown). The currentpassive release of calcium from the stores could activate voltage (IV) relationship in response to cinnamaldehyde TRPA1 using the smooth endoplasmic reticulum Ca 2ϩ -and cold were identical, indicating that both activate ATPase (SERCA) pump blocker thapsigargin. Thapsigarthe same ion channel ( Figure 1E ). Expression of either gin caused equivalent increases in intracellular calcium mouse or human TRPA1 (hTRPA1) in Xenopus oocytes levels in naive CHO cells, CHO cells transiently transrendered these cells responsive to cinnamaldehyde as fected with human and mouse TRPA1, and stably transwell as to cold temperatures ( Figure 1F ). Oocytes exfected mTRPA1 (Figure 2A and data not shown). Another pressing dTRPA1 (dANKTM1), the Drosophila melanodownstream effect of PLC activity is the generation of gaster ortholog of mTRPA1, did not respond to cinnadiacylglycerol (DAG). Therefore, we tested if 1-oleoylmaldehyde (data not shown). Repeated applications of 2-acetyl-sn-glycerol (OAG, a cell-permeable analog of cinnamaldehyde to hTRPA1-expressing oocytes showed DAG) could activate TRPA1. OAG application activated strong sensitization in contrast to the desensitizing efmTRPA1-expressing CHO cells, which could be blocked fect of cold (Supplemental Figures S1A and S1B at http:// by ruthenium red ( Figure 2B Figure 2D ). sponse to cinnamaldehyde (Supplemental Figure S1C) . Therefore, AA metabolism is not required for the activaIn contrast, menthol EC50s at these temperatures are 7 Ϯ 1 M and 63 Ϯ 4 M, respectively (Supplemental tion of TRPA1. Figure S2D) . In some experiwould affect TRPA1 activation by bradykinin. In calcium imaging studies, BK responses in B2R/TRPA1-expressments, U-73122 caused a delayed and mild rise in calcium levels independent of the application of any stimuing CHO cells and B2R-expressing cells were indeed inhibited by 10 M of U-73122 but not by U-73343 (a lus. This response has been previously described and did not interfere with the interpretations of our experisimilar but inactive analog) (Supplemental Figure 2A at Figures  S2B and S2C) . Preincubation of U-73122 was necessary sponds to menthol. The other population is activated by colder temperatures and responds to capsaicin but to observe a block of the menthol response, suggesting not to menthol. In vivo, TRPA1 is expressed in a subset of TRPV1 neurons but is not coexpressed with TRPM8. Therefore, we hypothesized that TRPM8 and TRPA1 mark the two cold populations, respectively. To further test this hypothesis and to find out if the pungent compounds described above activate TRPA1 specifically, we performed calcium imaging of adult rat DRG neurons in response to cold, menthol, cinnamaldehyde, allyl isothiocyanate, and bradykinin. Cinnamaldehyde activated 39% of cold-activated DRG neurons but only 1% of cold-insensitive neurons (Figures 3A and 3D) . To a large extent, cinnamaldehyde and menthol activated mutually exclusive populations of cold-responsive neurons, as our model would predict. Allyl isothiocyanate appeared less specific, as it activated 63% of the cold-responsive population (including a large overlap with menthol) and 12% of the cold-insensitive population (Figures 3B and  3D) . We have used 1.6 times the EC50 values of cinnamaldehyde and allyl isothiocyanate to enable us to directly compare DRG response profiles to these compounds ( Figures 1A and 1B) . Furthermore, raising the concentration of cinnamaldehyde to 200 M did not show any dramatic shift in response profiles (data not shown). The numbers shown in Figure 3D reflect pooled numbers from cultures in the presence of 1 and 100 ng/ml of NGF. There were no significant differences in the profiles of cinnamaldehyde and allyl isothiocyanate between the two culture conditions. In addition to the pungent sensory compounds, we have shown that BK can activate TRPA1. To demonstrate if this interaction could be physiologically relevant, we tested if BK-and cinnamaldehyde-responsive profiles overlap in cultured DRG neurons. BK activated 14% (19/138) of total DRG neurons, and 78% (7/9) of cinnamaldehyde-responsive neurons ( Figure 3C and data not shown). These results suggest that a majority of TRPA1-expressing neurons also express bradykinin receptors.
We next tested if specific inhibition of PLC by U-73122 that this compound is not acting as an ion channel blocker (Supplemental

Cinnamaldehyde Causes Nociceptive Behavior in Mice
To provide evidence for the role of TRPA1 in pain signaling, we performed intraplantar injections of mice with cinnamaldehyde (the most-specific TRPA1 agonist) and recorded nociceptive behavior. We used two concentrations of cinnamaldehyde injections: 5 mM and 16.4 mM (6.6 and 21.7 g). To identify a negative control more 
a noxious heat stimulus was applied data not shown). As expected, TRPV1
Ϫ/Ϫ mice responded to cinnamaldehyde injections similarly to wildto the paw, and the latency of the withdrawal response was measured. Paw withdrawal latency was signifitype mice ( Figure 4C ). To provide further evidence of the role of TRPA1 in pain sensation, we investigated if cantly lowered in the injected compared to the control paws (p ϭ 0.009) ( Figure 4D ). In contrast, no significant cinnamaldehyde injections could lead to hyperalgesia, an increased response to pain due to sensitization often difference could be observed between the latencies of the two paws when vehicle was injected (data not caused by inflammation or injury. Thirty minutes after expression pattern suggested that TRPA1 marks polymodal nociceptors. Here, we show that TRPA1 is activated by a variety of noxious molecules. Furthermore, our studies suggest that activation of TRPA1 is an important component of pain sensation that signals the noxious, burning element of cold.
TRPA1 Is Activated by Cold
We have extended our previous studies on cold activation of TRPA1. Here, we show that human as well as mouse TRPA1 is activated by noxious cold temperatures. We also show that cinnamaldehyde, a specific TRPA1 activator in vitro, predominantly excites coldsensitive DRG neurons in culture. Moreover, the response profiles of menthol and cinnamaldehyde accurately reflect the mutually exclusive expression of the two cold-activated ion channels TRPM8 and TRPA1, respectively. Indeed, cinnamaldehyde-and mentholresponding neurons account for almost all cold-responsive neurons in culture (32/33). A recent report failed to reproduce the cold activation of TRPA1 (Jordt et al., 2004). There are many possible explanations for the negative results. Since cinnamaldehyde and mustard oil are more robust activators of TRPA1 compared to cold, it is possible that the discrepancy is a matter of assay sensitivity.
TRPA1 Is Activated by Cinnamaldehyde and Other Sensory Compounds
A variety of pungent compounds-oils of cinnamon, mustard, wintergreen, ginger, and clove-activate TRPA1. Cinnamaldehyde is the main constituent of cinnamon oil ‫)%07ف(‬ and is extensively used for flavoring purposes The study of the pharmacological compounds capsaicin hyde-responding neurons are also activated by BK in and menthol has suggested that activation of TRPV1 adult DRG cultures, suggesting that TRPA1 is an endogleads to a burning hot sensation, while TRPM8 feels enous component of BK-induced excitation of polymocool. Our finding that the activation of TRPA1 by cinnadal nociceptors.
maldehyde and a variety of sensory compounds with a painful, burning sensory quality has important implications on the coding of TRPA1-expressing neurons. It is Role of Phospholipase C in TRPA1 Activation The activation of TRPA1 by BK raises important quesformally possible that TRPA1 activation by cinnamaldehyde and cold feel qualitatively different. We instead tions about the gating mechanism of this ion channel. BK is known to activate the PLC pathway, a known propose that TRPA1 activation by cold would convey a paradoxical burning sensation. Burning is usually assomodulator of TRP channels (Minke, 2001 tm1Jul / J-backcrossed to C57BL/6 for at least five generations; Jackson Experimental Procedures Laboratories) of 8-10 weeks age were used. Animals were acclimated for 30 min in individual plexiglass chambers prior to injections Cell Culture and Gene Expression (10 l in phosphate-buffered saline/0.5% Tween 80). The pH of TRPV1, TRPM8, and TRPA1 cinnamic acid was adjusted to neutral by using NaOH. Cinnamalde-CHO cells stably expressing rat TRPV1, mouse TRPM8, and mouse hyde solutions were briefly warmed to 65ЊC to facilitate dissolving. TRPA1 have been previously described (Peier et al., 2002; Thermal hyperalgesia was tested using a Hargreaves infrared source al., 2003). TRPA1 cells were grown in the presence of 5 M ruthenium (UGO Basile 7370 Plantar Test, IR20). Latencies were recorded three red (Fluka), and tetracycline (0.5 g/ml) was added to the media times with at least a 1 min interval between heat applications. The 16-24 hr before experiments to induce expression. A 3.3 Kb fragresults were averaged. ment of the human homolog of TRPA1 (GeneBank-Y10601) was amplified from the human cell line WI38 cDNA using primers hANK
